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Abstract 

The  fast  and  slow  cookoff  behaviour  of  a  series  of  in-service  and  research  composition 
rocket  propellants  have  been  evaluated  using  'he  standard  SSCB  (based  on  the  ,VV\'C 
design)  test,  as  part  of  a  program  in  Explosives  Ordnance  Division  (EOD/  to  develop  an 
extensive  insensitive  munitions  technology  base  A  modified  SSCB  test  methodology, 
whereby  the  pressure  output  can  be  measured,  was  developed  to  enable  a  more  quantitative 
measure  of  the  reaction  violence  and  to  provide  further  insight  into  the  cookoff  mechanism 
The  temperature  distribution.fgradient  at  various  positions  and  depths  in  the  cylindrical 
propellant  specimen,  during  fast  and  slow  cookoff,  were  measured,  in  order  to  understand 
the  marked  difference  m  the  severity  of  the  response  shown  by  some  of  the  propellants 
when  the  heating  rate  was  changed.  Pressure  and  healing  rale  dependent  Ihermochemical 
properties  and  thermomechanical  properties  of  the  propellants  were  measured  and 
correlated  with  cookoff  behaviour. 
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Correlation  of  Cookoff  Behaviour  of 
Rocket  Propellants  with 
Thermornechanical  and  Thennochemical 
Properties 


1.  Introduction 

Insenstive  Munitions  (IM),  detined  in  paragraph  6  of  the  draft  Defence  Instruction 
General  |D1(G)1  oo  Insensitive  Murutions  Policy  and  Impiementa*i  'n  jlj,  is  an 
area  which  is  assuming  significant  importance  m  Australia.  The  Australian 
Defence  Force  (ADF)  is  m  the  process  of  adopting  an  official  policy  on  IM 
promulgated  through  a  D1(G),  currently  being  revised  for  final  submission 
Explosive  ordnance  (EO)  in  inventory  and  those  being  introduced  into  service  are 
to  be  assessed  against  the  IM  response  criteria  listed  in  Annex  A  of  the  DI(G)  11) 
The  potential  threat  areas  in  which  munitions  arc  required  to  meet  IM  criteria 
include: 

(1)  Fast  cixikoff  (fuel  fire) 

(2)  Slow  cookoff 
i3)  Bullet  impact 

(4)  Fragment  impact 

(5)  Spall  impact 

(6)  Shaped  charge  jet  impact 

(7)  Electrostatic  discharge 

(8)  12  metre  safety  drop 

(9)  Sympathetic  detonation 

The  first  four  IM  qualification  tests  are  mandatory  ,  the  pass  criteria  being  no 
response  more  severe  than  burning" 


The  RA\  IS  the  most  proactive  Service  for  adoption  of  IM  Slo'-v  and  fast 
cookoff  are  technologv-  shortfall  areas  highlighted  in  a  recent  RAN'  discussion 
paper  on  '  Insensitive  Murutions  Acceptance  Criteria  and  Tests '  12)  For  example, 
realistic  heating  rates  appropriate  to  a  given  threat  scenario  and  hazard  response 
criteria  need  to  be  identified  One  of  the  aims  of  the  present  studv  is  to  obtain  a 
better  fundamental  understanding  of  cookoff  mechanisms,  in  order  to  help 
alleviate  these  technologx'  gaps 

Small-scale  laboratory  tests  that  can  predict  the  response  oi  energetic  materials 
to  cookott  are  '.  er\'  desirable  as  they  provide  a  cost  effective,  sirr.ple  and  very 
quick  means  of  assessing  the  response  of  the  energetic  component  of  the  munition 
to  cookott  Small-scale  tests  arc  also  convenient  for  conducting  tundamental 
studies  of  the  im.portant  factors  that  control  cookoff  induced  reactions 

.A  super  small-scale  cookoff  bomb  i.SSCB)  test  facilitv ,  based  on  the  Naval 
Weapons  Centre  (NWC)  design  [3].  has  rccentlv  been  established  at  MRL  1-1]  for 
assessing  the  response  of  explosiv  es  to  fast  and  slovx  cookott  In  the  present 
study,  the  cookoff  behavicur  of  several  typical  in-serv  ice  and  lesearch 
composition  rocket  propellants  was  assessed  using  the  SSCB  test,  as  part  of  a 
program  to  develop  an  extensive  IM  technology  base  on  solid  propellants  .A 
modified  version  of  the  standard  SSCB  test  was  also  used  here  to  enable  a  more 
quantitativ  e  measure  oi  the  leaction  violence  (via  a  pressure  transducer'  to  be 
obtained,  and  thus  prov  ide  a  more  scientific  basis  lor  predicting  the  fiazard 
response  of  munitions  In  the  standard  SSCB  test,  the  reaction  v  iolence  is 
determined  mainly  by  the  extent  of  damage  to  the  vessel  However,  it  is  often 
difliculi  to  assess  the  sev  erily  of  the  test  response,  oecause  the  boundaries 
between  the  various  levels  of  reaction  are  not  distinct  The  oiffice'tv  can  be 
partially  eliminated  by  using  the  modified  SSCB,  where  the  pressure /energ'.- 
output  is  measured.  Modification  of  the  standard  SSCB  did  not  alter  the  test 
response  or  the  reaction  temperature  and  time 

.Although  the  propellant  size.'geometrv-  used  in  the  SSCB  test  is  much  smaller 
than  the  propellant  charges  used  in  the  in-service  rocket  motor,  this  small-scale 
test  can  be  expected  to  be  useful  in  ranking  the  response  of  different  propellants 
It  should  be  noted  that  the  critical  diameters  for  a  deflagration-to-detonalion 
transition  (based  on  similar  propellants)  of  the  HTPB/RDX,  HTPB  'PETN  and  cast 
double  base  (CDB)  propellants  used  in  this  study  are  smaller  than  the  diameter  of 
the  specimen  used  in  the  SSCB  test,  but  the  HTPB,  AP  and  HTPB-  .AN  propellants 
have  much  larger  critical  diameters  The  critical  diameters  of  the  HTPB.-  .Af’ 
propellants  exceed  200  mm,  i  e  larger  than  the  charge  diameter  of  most  in-service 
rocket  motors  in  the  .ADF  inventory  .A  self-sustaining  detonation  reaction  cannot 
therefore  be  achieved  in  full-  and  small-scale  testing  of  these  propellants 

.Although  there  have  been  numerous  studies  on  the  characterization  of  the  last 
and  slow  cookoff  behav  iour  of  energetic  materials  13-6).  little  detailed  information 
IS  available  on  the  pressure  and  'emperature  dependence  of  the  physico- 
mechanicai  and  chemical  kinetic  parameters  of  the  energetic  material  and  thc.r 
relation  to  cookoff  behaviour  The  development  of  satisfactorv  prediction 
methodologies  and  modelling  tools  requires  the  physico-mechanical  and  chemical 
kinetic  properties  to  be  known  as  a  function  of  temperature,  pressure  and  heating 
rate  For  example,  it  is  important  to  know  the  phase  changes  in  the  propellant  as 
a  function  of  temperature  because  the  gram  geometry  is  dependent  on  the 
ph  use  .'state  changes  with  temperature  In  this  study,  the  cookoff  beh.xv  mur  of 
nxke:  propellants,  with  wideiv  different  thermo.Tiechanica:  and  tnermochemica: 
properties,  was  assessed  using  the  standard  and  modified  SSCB  tests  The 


cookoff  behaviour  of  these  propellants  'vas  correlated  with  pr^sure  and  heating 
rate  dependent  chemical  kinetics  and  thermomecharucal  properties  The 
propellants  tested  in  these  small-scale  tests  will  also  be  used  in  motors  in  full-scale 
testing,  to  enable  a  direct  comparison  to  be  made  of  the  relevance  of  the  SSCB  test 
to  cookoff  effects  in  rocket  motors. 


2.  Experimental 


2.1  Materials 


The  composite  propellant  tspes.  cast  double  base  propellant  (CDB;.  and  their 
compositions  are  listed  in  Table  1  Heats  of  explosion  (calorimetric  values)  of 
these  propellants  were  calculated  from  the  weight  fraction  and  calorimetric  value 
of  each  of  the  propellant  ingredients  (estimated  from  the  heats  or  tormatior.  and 
combustiofi  at  constant  volume)  and  are  listed  m  Table  2 

Table  1:  PropeU^nl  compositiors 


Note  i  Dioctyladipate  was  used  as  the  plasnciztr 

2-  Oxidiser  pan. cic  coarse/ fine  ratio  =  65/35;  coarse -200  um. 
fine  -lopm 


Table  2:  Heat  oferplcsicr:  cf  propeihr.ts 


rrop>^llar.r  T> pe 


Hard  HTPB/ AP  ( 12  SS) 
Sof:HTPB  APorse! 
HTPB-  AP-,:0S0. 
HTP5/RDX-:20SCp 
HTP5  PETN  yZOSO, 
HTPE,  AN- 
CDS 


H«at  ct  F*plos  o'-. 
ikikg-i 
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The  thermochemical  and  mechanical  properties  erf  these  propellants  "ere  s  aned 
by  varying  the  oxidiser  tepe  and  loading  level,  and  the  plasticizer  level 
Hydroxy-terminated  polybutadiene  (HTPB),  cured  with  IPDI  or  DDI,  was  used  as 
the  binder  in  all  the  rubbery  composite  propellants  The  erxidiser  particle  size  and 
coarse,  fine  ratio  (65/33)  were  approximately  the  same  lu.  -all  the  composite 
propellants  studied  here.  All  the  propellants  were  made  by  standard  processing 
techmejues  as  described  previously  [7,8) 

The  processed  propellants  were  machined  into  c\  Imdrical  peliet>  ot  In  mm 
diameter  and  >J  m.m.  length,  with  a  m.ass  ol  approximateh  20  g  tor  the  SSCB  test 


2.2  SSCBTest 

The  design  o;  the  standard  SSCB  test  has  been  described  in  detail  in  rolerence  13) 

Tests  we.-e  conducted  on  all  the  samples  at  both  fast  (ca  1  2'C  s  )  and  slow  tea  ^ 

0  l‘C  s  '•)  heating  rates  For  these  tests,  the  measured  temperature  in  the  slot  for 

the  thermocouple  (Type  K)  in  the  aluminium  liner  was  assumed  to  be  similar  to 

the  propellant  surtace  temperature  This  assum.ption  is  valid  at  the  slow  heating 

rate,  where  the  differences  between  the  measured  temperature  and  the  propellant 

surtace  tem.peraturc  w  ere  minim.ai,  there  never  being  more  than  2'C  dilterencc 

betw  een  these  two  locations  at  an\  one  tim.c  (see  Section  ,3  2  • 

For  all  the  propellants,  tests  were  also  conducted  using  a  modined  SSCB  vessel 
w  inch  enables  the  pressure  developed  during  cookoft  to  be  measured  The 
standard  test  was  modified  by  replacing  me  sealing  piug  trom  the  top  oi  the  test 
assembly  with  a  stainless  steel  pipe  w  hich  connects  to  a  pressure  transducer, 

Kjstlcr  type  o2C7,A  The  quartz  pressure  transducei  used  in  this  study  has  a  rise 

time  of  1  ps  and  a  sensitivity  of  -12  pC,  bar,  and  can  only  measure  dynamic  or  ® 

quasistatic  pressures  .A  shield  was  used  to  mount  the  pressure  transducer  and  to 
protect  it  from  the  blast.  A  diagram  of  the  modified  SSCB  is  shown  in  Fit:  1 
Studies  on  the  temperature  gradicnt/'distribution  in  some  of  the  propellants 
during  fast  and  slow  cookoff  were  conducted  by  placing  thermocouples  at  six 

ditferent  locations  within  the  SSCB  The  thermocouple  positions  are  indicated  in  0 

Fig.  2  The  thermocouples  were  connected  to  a  Dataiaker  500  data  logger  w  hich 
has  30  analog  channels 


2.3  Thertnomechattical  .‘^leasurements 

Th  namic  Mechanical  iDVIT.Si  properties  of  the  propellants  were  measured  using 
a  Rheometrics  Mechanical  Spectrometer.  Model  RD.A2  (9)  Measurements  were 
made  in  a  forced  she.ir  mode  using  a  rectangular  torsion  geometry  The  anah  sis 
was  made  os  er  a  temperature  range  of  -120  C  to  100  C  using  a  temperature  step 
size  of  3''C  and  a  test  irev^uei.CY  of  0  1  raj  s  t  Tfre  elas^  tiuiisiiioi'i  tviiipvratuiv, 
T^,  w  as  determined  from,  the  temperature  at  svhich  the  shear  loss  modulus,  C  . 
\s'3s  a  maximum 


10 


2.4  Tlienniil  Mcusurcmeuts 


'niorni.ll  nif .i5vironior.tv  vsrro  ».oii.'liKtoJ  vising  Ou  Tout 

Soaruiing  Calonnioter  iDSC )  er  ihe  pressure  ran^e  0  1  U*  51!  MI'a  Tht  ^a^lple^ 
(2  K)  4  nig  were  heateJ  oser  Ihe  U'nif»erature  range  to  4CH)  C  at  lieating 
rates  of  m;n  '■  and  20'C  niin  ’ 

Kinetic  parameters  of  the  thermal  decomposition  w  cro  calculated  trv>m  a  single 
DS<^  therniogian'i  using  (he  lollow  mg  t\piatio?i5  \o  rop'eM-;**  tin-  extent  ^  I 
dsvompt'SitK-n  and  tne.r  teinporjture  dependence 

In  k  = -In  ^dJ  dt)*nlr.  d-ai  1 1' 

and  k  =  A  e  iZ* 


where  k  .s  the  rate  Cvin>tan5.  da  dt  is  the  rate  of  reaction  -  dH  dt  v  \  A^.  (dll  d* 

=  peak  hcigh:  a»  a  given  time  and  Aj.  =  total  area  under  the  thermogram  peak;,  a  is 

tf*e  degree  oi  cor-\  ersion  (a  -  1  A^  \  H  where  H  is  the  area  under  the 
thermograni  peak  trom  time  =  u  to  a  gi'^en  time  =  t».  n  i>  the  react. v'l'  c>rd*-r  A  i- 
the  pro  ovponontiai  tactor  i>  the  actn  alior.  energ\  K  i'^  the  gas  constant  ar-vi  ^ 

Is  tl'-e  absolute  temperature  Lc'ir.b.r.i;  .g  equations  1 1 »  aiul  -21  g.\  e> 

In  tda  dt  i  =  n  In  1,1  -  a  »  ■  E,  KT  -  In  A  O; 

Equation  (3)  has  the  loim  f  =  i  t,\  ^  !;•,  w  here  In  (da  d.i  is  the  dependent 
>  ariabic.  In  i)  •  a)  and  i  T  are  the  inds'pendent  variables  and  n  E,  K  and  in  .A  are 
the  constantv  t.,  t;  and  t  .  lespectiv  ei »  I  lence.  the  best  \  arues  v't  n.  E,  K  and  in  A 
can  be  determined  b\  a  multilinear  regrersior.  analv  .'.is 


3.  Results  And  Discussion 

3.1  Cookoff  Response  of  Propellants 

The  cookoK  hchas'iour  of  the  propellants  studied  here  have  been  .isstSM-d  using 
the  standard  and  modified  SSCB  test  Some  still  frames  trorr'  a  normal  spit-J  (2-1 
Iranios  per  si\und,  Mdeo  taken  during  small-scale  cookult  testing  ot  the  hard 
HTI’B  .-M’  ( 12  Sh,'  propellant  are  shov.  n  :n  rig  3a  f  They  show  the  sequence  oi 
events  during  small-scale  CiKikott  testing  The  test  response  here  is  an  espioMOi; 
The  last  and  slow  sooko.'l  lest  responses  of  the  propellant-  ate  summarised  in 
Table  Keaction  leniperatu'e  and  time,  at  the  slow  ar.vl  tjsl  fu-aling  rale,--,  are 
sl'-i'i.n  in  the  tcm.peraturc  time  pr-.t.lcs  .n  hig^  4  and  ,s 
The  propeli.ints  can  be  ranked,  in  decreasing  order,  accoidiiig  ti-  their  reacti-'n 
\  i-.'lence  as  roil-sw  s  (propellants  in  the  --ame  ho.  ha-.e  .a  sir-.ilar  r.ankm.gi 


1F«'-i  Ra?«- 

H*fJ  HTTB 

I  HTP5~ffrKi:o»'.; 

I  HTyb  APi^OsO* 

1  SoH  HTTB  AFiirW; 


»nru  KDx  X' 


Si.*vx  HcaiL"-^  Katf 

^  hUrd  HTTB  i:: 

I  HTTP 'Prr^'IO  SOi 
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!  KT?6  AN  «2C-^X. 


CDB 

mnt  an  !:':  v). 


In  general,  the  trends  are  sjtrular  at  the  fast  and  slow  rate'^  except  tx'r  the 
UTI^h  RDX  (20  SO;  propeiiant  which  showed  a  \  n>)ent  xieflagr.ition  explosion 
reaction  at  the  siow  rate  but  a  burning  reaction  at  the  fast  rate  The  vcr\  marked 
dirterence  in  the  sc\  crit\  of  test  response  showri  by  the  HTPB  KDX  i2x‘  SO* 
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Temperature. 


At  both  the  fast  and  slow  heating  rates,  the  hard  KrPB/  AP  (12:88)  propellant 
showed  the  most  violent  response,  presumably  a  result  of  its  relatively  high  heat 
of  explosion  (see  1  able  2),  which  is  one  of  the  many  factors  governing  ccxjkoff 
response.  When  the  plasbcizer  level  of  the  H  l'PB/AP  (12:88)  propellant  was 
increased,  the  severity  of  the  response  was  moderated.  The  soft  HIPB/ AF 
(12:88)  propellant  has  more  flexible, /extensible  characteristics  but  its  calorimetric 
value  IS  almost  identical  to  the  hard  HTPB/.AP  (12:88)  propellant  The 
mechanism,  by  wluch  plasticizers  decrease  the  level  of  test  response  is  not  well 
understood  Determination  of  the  thermomecharucal  properties  of  these 
propellimts  (ambient  to  120°C)  using  DM7  A  showed  that  the  highly  plasticized 
propellant  is  less  viscous  at  higher  temperatures  (see  Section  3.3)  The  less 
VISCOUS  propellant,  because  of  its  greater  flow,  is  also  harder  to  initiate  i  e  longer 
initiation  time  (rigs  •I  and  5) 

The  CDB  propellant  showed  a  surprisingly  nuld  response  at  both  heating  rates, 
although  Its  calorimetric  value  is  sinaila:  to  the  HTPB/ Ah  (20:80)  propellant  (see 
Table  2)  The  naild  response  may  be  related  to  the  highly  plasticized  nature  of 
this  CDB  propelltint,  which  contains  -15  weight  “o  of  rutroglycerine  in  the 
formulabon  The  HTPB./AN  (20.80)  propellant  also  showed  a  comparahvely 
mild  cookoff  response  at  both  heating  rates  This  m.ay  be  due  to  its  favourable 
thermal  properties,  where  a  laige  part  of  the  decomposition  is  endothermic  (see 
Section  3  4  and  Fig.  lOd) 

The  pressure-time  profiles  of  the  propellants,  at  the  fast  and  slow  heating  rates, 
are  illustrated  in  Fig  ba  and  b  (note  that  the  start  of  the  pressure-time  plots  have 
been  offset  for  clarity)  In  this  new  methodology,  using  the  pressure-time  data 
from  the  modified  SSCB  test,  llie  initial  rate  of  pressure  rise  (i.e  the  initial  slope 
of  the  pressure-time  plot)  is  related  to  the  rate  of  energy  release  and  gives  some 
indication  of  the  likelihood  of  c  violent  reaction  occurring  The  impulse  (area 
under  the  pressure-time  plot)  is  a  measure  of  the  total  energy  released  daring  the 
reachon  and  tlierefore,  must  also  be  related  to  the  extent  of  damage  Average 
values  from  2  -  3  measurements  for  the  peak  pressure,  initial  pressure  rise 
(dP./dt),  and  impulse  are  listed  in  Table  4.  It  is  important  to  note  that,  depending 
on  the  propellant,  the  time  scale  of  the  measured  pressure  is  80  to  700 
microseconds  i.e.  the  time  taken  for  pressure  rise  and  buildup  is  very  small  in 
comparison  to  the  time  taken  to  deform,'  damage  the  SSCB  test  assembly  Thus, 
peak  pressures  above  the  calculated  burst  pressure  of  the  SSCB  test  assembly  (ca 
73  MPa)  can  be  measured 

At  both  the  fast  and  slow  1, eating  rates,  the  initial  pressure  rise  for  an  explosion 
is  relativelv  high  (dP  -dt  is  ca  3x10  MPa  s  ')  and  the  initiation  pressure  and 
impulse  exceed  750  MPa  and  0.52  MPa  s  respectively  (e  g  the  hard  HTPB  /  AP 
(12:88)  propellant)  For  test  responses  which  lie  between  deflagration  and 
explosion  (e  g  HTPB  AP  (20  80)  and  HTPB.'PETN  (20  80)  propellants  at  the  fast 
heating  rate),  the  initiation  pressure  is  300  to  300  .MPa  and  the  impulse  is  0  075  to 
0  096  MPa  s  For  deflagration  reactions,  the  measured  impulse  (e  g  0  055  MPa  s 
for  the  soft  HTPB/.AP  (12:88)  propellant  at  the  fast  heating  rate)  is  lower  than  that 
for  a  deflagration/explosion  reaction  but  the  peak  pressure  is  in  the  same  range 
(300  to  500  MPa). 
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Tttblr  4:  Measurtd  pressures  from  modified  SSCB 


PropelUni  Type 

Heating  R^te 

Peak  Pressure 

(MPa) 

Impulse 

(MPas) 

dP/dl 

(NfPas'h 

Hard  HTPB/ AP 

F&sl 

>800 

>*0x10-' 

35x  in* 

(U:88) 

Slow 

Soft  HTPB/AP 

Fast 

460 

S6xic' 

OMx  10* 

(12:88) 

Slow 

HTPB.'AP 

Fast 

355.  362 

9]xi(y' 

23x  10* 

(20:80) 

Slow 

HTPe/RDX 

Fast 

130 

35x IC- 

33x  10* 

l20  80* 

Slow- 

505 

96x:0'‘ 

t  6  X  10* 

KTFB/TETN 

Fast 

432 

7t>»i(r* 

1  7x  10* 

(20  80) 

Slow 

164 

69  X  10  - 

58x  10* 

HTPB  .'  AN 

Fas; 

423 

3Sx  10^ 

12x10’ 

(20:80) 

Slow 

CD3 

Fast 

55 

1  3  »  10  ' 

26x]0^ 

Slow 

Tne  modified  SSCB  test  is  useful  m  separating  propellants  which  showed  similar 
damage  to  the  SSCB  test  assembly.  For  example,  the  HTPB/RDX  (20:80), 

HTPB/ AN  (20:80)  and  CDD  propellants  all  gave  burning  reactions  at  the  fast  rate, 
however,  the  impulse  indicated  that  the  RDX  propellant  gave  a  more  violent 
reaction  compared  to  the  other  two  propellants  (see  Fig  6a  and  Table  4)  It  is 
interesting  to  note  that  the  HTPB/ AN  (20:80)  propellant  gave  a  relatively  high 
peak  pressure  but  the  impulse  was  very  low'.  On  the  other  hand,  the  CDB 
propellant  gave  a  very  low  peak  pressure  over  a  much  longer  time 
In  assessing  the  cookoff  hazard  of  rocket  motors,  if  is  important  to  have  not  only 
some  mdicabon  of  the  severity  of  the  response,  but  also  to  know  when  to  expect  a 
reaction  Thus,  a  second  criteria  for  cookoff  response  is  the  ease  of  initiation 
This  is  given  by  the  reaction  temperature  and  time  obtained  from  the 
temperature-time  profile.  In  contrast  to  explosives,  where  the  reaction  time  and 
temperature  are  not  very  different  for  different  compositions  (based  on  the  same 
explosive  with  different  binders  (3  •  6),  these  parameters  differ  significantly  for 
the  different  classes  of  propellants  and  for  similar  propellants  with  different 
binder  to  oxidiser  weight  ratios  (Table  3).  The  propellants  are  ranked  according 
to  their  ease  of  initiabon,  at  the  fast  and  slow  heating  rates,  as  follows  (propellants 
in  the  same  box  having  a  similar  ranking): 


INinAPON  TEfaPERATb'RE 

INIT.ATIOS'  TIME 

Ftst  Rat« 

Slow  Rate 

Fast  Rate 

Slow  Rate 

CDB 

CDB 

CDB 

CDB 

HTPB  TFTN  (20  80) 

HTPB/PETN(20  80) 

HTPB/PETN  (20  8CI 

HTPB.- PETN  (2080) 

HTPB.  RDX  (20  SO, 

HTPB,  RDX(20S0l 

HTPB  RDX  120  SO- 

HTPB.  RDX  (20  60.1 

HTPB.  AN  (20  SO; 

Hard  KrPB/AP(12&S', 

HTPB.v*.''!  (20  901 

HTPO..AN(20  80i 

Sofl  HT?B.'AP(12  88’ 

HTPB'AP(20  80; 

Soft  HTFB  'AP(12S8) 

Hjrd  HTPB,  AP 
(12  881 

Hard  HTPB/AP 
(12  68. 

HTPB.WN(20S0i 

Hard  HTPB.  AP  (12  88) 

Sofl  HTPB/aP(12S8) 

Soft  HTPB/AP  (12  88) 

H1TB  APiOOSOl 

Hire- aPiidso; 

HTPB,  AP  (20  SO;  1 

The  same  (rends  were  obsen.'ed  fnr  the  initiation  times  at  both  the  fast  and  slow 
heating  rates  However,  the  trends  for  the  initiation  tempeiatures  are  slightly 
different  for  the  two  heating  rates,  probably  a  result  of  the  non-uruform 
temperature  distribution  across  the  specimen  during  fast  cookoff. 

For  the  composite  propellants,  the  ease  of  initiation  is  dominated  by  the  oxidiser 
type  The  PETN  and  CUB  propellants  react  very  quickly  and  initiate  at  very  low 
temperatures  compared  to  the  AF  propellants,  due  to  their  comparatively  low 
thermal  stability  (see  Section  3.4  and  Table  5)  The  AP  propellants  are  the  hardest 
to  initiate  Increasing  the  plasticizer  level  substantially  increased  the  reaction 
time  but  the  initiation  temperature  was  not  altered 


Table  5:  Melting  temperature  (T„)  and  onset  temperature  for  decomposition  (ambient 
pressure) from  DSC 


PropeiUnt  Type 

Heating  Rete 

(“C  nun’') 

Melting 

Tetnpera»-uft 

(•C) 

First  OnMi 
Temperature 

m 

Second  Onset 

Temperature 

(•C) 

KTPB/AP  (20:80) 

5 

366 

20 

336 

397 

HAfd  HTPB/aP 

5 

296.  317 

372 

(12:88) 

20 

32^*.  34S 

385 

Soft  HTPB/AP 

5 

290.  313 

339.  315 

(12:88) 

20 

- 

328.348 

365.  370 

KrPB/RDX(20:80) 

5 

198 

212 

20 

205 

243 

KTPB/PETN'(20  80) 

5 

129 

19i) 

20 

140 

20- 

HTFB/ ANi20  80) 

e. 

126.  16' 

237 

20 

127.  169 

267 

CDB 

5 

196 

* 

20 

221 
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3.2  Temperature  Distribution  as  a  Function  of  Time 

The  temperature  distribution  within  the  specimen  as  a  function  of  time,  at  the  fast 
and  slow  heating  rates,  was  measured  for  the  HTPB/RDX  (20:80)  and  HTPB/AP 
(20:80)  propellants.  The  PTITB/  RDX  (20:80)  propellant  showed  a  marked 
difference  in  the  severity  of  the  test  response  when  the  hearing  rate  was  changed 
Temperature  distributions  as  a  function  of  time  and,  the  radial  and  axial 
temperature  profiles  are  illustrated  in  Figs  7  and  8 

In  general,  at  the  slow  heating  rate,  almost  uruform  temperature  distribution 
across  the  specimen  was  achieved  after  the  first  30  minutes,  there  was  never  more 
than  2°C  difference  between  the  propellant  surface  and  the  Al  liner  of  the  SSCB 
apparatus  at  any  one  time  For  both  heating  rates,  the  temperature  difference  in 
the  axial  direction  is  insignihcant  (less  than  2°C  to  3°C  at  any  one  time),  except  on 
the  propellant  surface  where  there  is  an  air  gap  and  heat  loss  by  convection 
through  the  top  end  of  the  SSCB  apparatus  can  occur  (see  temj>erafure  profiles  for 
thermocouple  positions  3  cf  5  and  2  cf  6  in  Figs  7a  -  d).  On  the  other  hand,  the 
radial  temperature  distnbution  is  significant  and  highly  dependent  on  the  heatmg 
rate 

Our  results  clearly  show  that  the  slow  hearing  rate  produced  a  cookoff  reaction 
begirming  at  the  centre  of  the  propellant  (Fig.  8a  and  b)  For  the  HTPB/RDX 
(20:80)  propellant,  the  temperature  at  the  centre  became  higher  than  the  outer 
surface  temperature  several  minutes  before  irutiation,  due  to  self  heating  of  the 
propellant  ReacUons  originating  at  the  centre  may  be  expected  to  be  more 
violent  than  those  beginning  at  the  outer  surface  because  of  self  confinement  and 
decreased  heal  loss  Reactions  which  originate  from  the  outer  surface  are  more 


•  •  • 


•  • 


•  • 


•  • 


- •  • 

20 


likely  to  result  in  early  rupture  leading  to  venting  of  the  test  vessel  and  pressure 
release. 

The  fast  heating  rate  produced  a  cookoff  reaction  beginning  at  the  outer  surface 
of  the  propellant  (see  Fig.  8c  and  d).  Temperatures  at  the  surface  (thermocouple 
positions  2  and  6)  are  much  higher  than  temperatures  near  the  centre  of  the 
propellant  (thermocouple  positions  3, 4  and  5).  This  difference  was  almost  100°C 
and  30°C  to  40°C  lor  the  HTPB/RDX  (20:80)  and  HTPB/AP  (20:80)  propellants 
respectively.  The  much  lower  temperature  at  the  centre  compared  to  the  outer 
surface  of  the  HTPB/RDX  (20:80)  propellant  can  explain  its  surprisingly  mild  test 
response  at  the  fast  heating  rate,  because  of  early  rupture  and  venting  of  the  SSCB 
test  vessel. 


.3.3  Thermomecharfical  Properties  and  Relation  to  Cookoff 
Behaviour 

■A  '\pical  D.MT.A  spectrum  of  a  HTPB,  .AP  propellant  is  shown  in  Fig  9  Dynamic 
shear  storage  and  loss  moduli  (G  and  G  respectively)  and  loss  tangent  (tan  S)  are 
plotted  as  a  function  of  temperature  The  loss  tangent  plot  shows  tv\  o  ma)Or 
relaxations  -  the  low  temperature  glass  transition  at  around  •79'C  to  -82'C,  and  a 
very  broad  high  temperature  transition  (designated  T^,  here)  in  the  temperature 
range  of  -35°C  to  -lo'C  They  correspond  to  relaxation  of  the  soft  segments 
(composed  pnmarilv  of  the  HTPB  prepolvmer)  and  of  the  hard  seements 
(composed  mainly  of  sequences  of  the  isocyanate  curative  reacted  w  ith  the 
crosslinker  or  extender)  respectively  The  incompatibility  of  the  hard  and  soft 
segments  and  subsequent  phase  separation  into  separate  domains  is  well 
documented  for  block  copolvmers  and  poly(butadiene-urethane)  rubbers  [2-9,  11- 
13). 

The  G  vs.  temperature  plot  of  a  typical  HTPB/AP  propellant  shows  that  in  the 
temperature  range  -130'C  to  -80°C  the  shear  modulus  is  =  1  GPa  and  the 
propellant  is  in  a  glassy  state,  exhibiting  brittle  mechanical  behaviour.  In  the 
tem.perature  range  ■30'C  to  70'C,  the  shear  modulus  drops  to  1  to  .0  MPa, 
indicative  of  rubber-like  behaviour  Above  70‘C,  permanent  deformation  has 
occurred  and  the  propellant  is  in  a  i  ubbery-t  iscous  state  These  phase  changes 
with  temperature  w  ould  ha',  e  some  influence  on  the  heat  transfer  characteristics 
and  geometry  of  the  specimen  jN),  and  must  be  taken  into  account  when 
modelling  the  cookoff  response 

Comparison  of  the  DMTA  spectra  of  the  HTPB/.AP  (12  88)  propellants  with 
different  plasticizer  levels  indicate  that  the  log  G  "  vs  temperature  plot  for  the 
more  highly  plasticized  propellant  exhibits  lower  loss  shear  moduli,  and  thus, 
lower  viscosities  (q'  =  G  Vuj,  where  q  is  the  in-phasc  viscosity  and  O)  is  the 
frequency).  Therefore,  plasticizers  may  be  expected  to  moderate  the  cookoff 
response  by  decreasing  the  viscosity  or  increasing  the  flow  of  the  material.  A 
more  detailed  description  of  the  effect  of  plasticizer  level  on  the 
thermomechanical  properties  and  cookoff  response  of  propellants  w  ill  be 
described  in  a  later  paper 
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3.4  Thermochemical  Properties  and  Relation  to  Cookoff 
Behaviour 
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Thermal  Decomposition 

The  thermal  decomposition,  at  ambient  pressure,  of  propellants  sirrular  to  the  ones 
studied  here  have  been  descnbed  in  detail  in  reference  10  Melting  and  onset 
temperatures  for  the  thermal  decomposihon,  at  5'C  and  20'C  min  ',  are  listed  in 
Table  5 

Tv^pical  DSC  traces  are  shown  in  Fig  lOa-f.  Propellants  containing  AP  as  an 
otudiser  undergo  a  two-step  degradation  process  at  ambient  pressure  The  initial 
degradahon  occurring  in  the  temperature  range  210'C  to  230'C  has  been 
attributed  to  tht.mal  decomposition  of  the  owdiser  and  the  maior  decomposition, 
occurring  m  the  temperature  range  300'’C  to  400'’C,  is  due  to  a  number  of 
reactions  occumng  simultaneously  whjch  mclude  decomposition  of  the  polvmeric 
binder  and  further  decomposition  of  the  oxidiser  [lUj 

At  ambient  pressure,  the  HTPB/PETN  (20:80)  and  HTPB/RD.X  (20  80) 
propellants  undergo  thermal  decomposition  in  the  temperature  range  150'C  to 
225*^  and  209°C  to  230°C  respectively  Unlike  the  AP  propellants,  only  one 
major  degradation  process  was  observed  for  these  propellants  The  AN 
propellant  did  not  show  an  endotherm  at  the  melting  point,  ca  170  C,  of  the 
oxidiser  This  may  be  due  to  the  ability  of  .^N  to  form  a  stable  liquid  at  its 
melting  point  [15]  However,  above  the  melting  point  of  AN  (see  Fig  lOdj,  a 
large  part  of  the  decomposition  of  the  AN  propellant  is  endothermic 
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Decomposition  vs  time  narv’es  at  various  pressures  for  the  HTPB/RDX  (20:80) 
and  HTPB/AP  (20:80)  propellants  are  illustrated  in  11a  and  lib.  The  sigmoid- 
tj'pe  curves  for  the  HTPB/RDX  (20.80)  propellant  (Fig  1  la)  are  typical  of  thermal 
decomposition  of  pure  RDX  in  the  solid-state  [16].  Increasing  the  pressure  from 
ambient  to  1.7,  3  4  and  5.2  MPa,  at  a  heating  rate  of  5°C  min-',  did  not  alter  the 
reaction  rate  of  this  propellant  nor  the  shape  of  the  curves,  indicating  that  there 
was  no  change  in  the  decomposition  mechanism  when  the  pressure  mcreased 
from  ambient  to  5  2  MPa 

The  rates  of  decomposition  for  the  HTPB/AP  (20:30)  propellant  decreased  with 
increasing  pressure,  m  the  pressure  range  0  1  to  5.2  .MPa  iscc  Fig  1  lb),  loiisislen'. 
with  a  unimolecular-U-pe  reaction  mechanism  (16).  There  was  no  change  in  the 
general  shape  of  the  curve,  i.e  there  was  no  change  in  the  decomposition 
mechanism  with  an  increase  in  pressure  up  to  5  2  MPa 


Table  6:  Ktneoc 

•parameters  of 

propellants  (ambient 

'  pressure; 

Propel.anr  Tv-pe 

Heating  Ratt 
(®C  nur.  •; 

Reaction  Orfler 

Activation  Energv' 

(kl  rrol- 

In  A*.i'  ! 

riTPB.  AP<20SO,' 

s, 

1  i"*: 

-IC'C  r  oC 

70  $ 

A'. 

0  610  2 

131 

7c  5 

Hdfd  HTPB/AP 

5 

o 

o 

224  180 

36$ 

20 

Olio 

296  *  ICv 

17S  2 

SoM  HTPB.  at 

5 

OSiC-i 

40^  *  100 

75.  2 

(12  Ml 

20 

Or  05 

73 

41  2 

HTPB,.  RDX  (20  8Ci 

5 

1  OlOl 

93 

HTPB  prTN 

5 

12*03 

:70  1  3C 

39 

(20.»': 

HTPB.  .AJM  (20  80,' 

:  110  2 

141 

20 

0  1  0  2 

ir: 

99 

CDB 

5 

13*04 

is: 

41  8 

20 

1010  2 

190 

1J3 

Kinetics  of  Thermal  Decomposition 

The  kinetic  parameters  of  the  propellants  studied  here,  evaluated  b\  multilinear 
regression  analysis  of  equation  (3),  at  heating  rates  of  5  and  20'C  min  '  and 
pressures  from  ambient  to  5.2  MPa  are  listed  in  Table  6  In  general,  tliere  was 
little  change  m  the  kinetic  parameters  with  a  change  in  pressure  from  ambient  to 
5.2  MPa 

For  the  HTPB/AP  (20:80),  HTPB/PETN  (20  80)  and  HIPB/RDX  (20:80) 
propellants,  the  overall  reaction  order,  at  a  heating  rate  of  5‘’C  rmn  is  urutv 
This  IS  consistent  with  isolated  reactions  in  the  solid  phase  The  reaction  order 
for  the  decomposition  processes  of  these  propellants  is  probably  a  conipositc 
order  from  a  number  of  reactions  such  as  decomposition  of  binder,  oxidiser.  and 
their  products 


When  the  oxidiser  loading  level  was  increased  from  80  to  88  weight  %  (viz.  the 
hard  and  soft  HTPB/ AP  (12  88)  propiellants),  the  reaction  order,  based  on  a 
reaction  order  described  by  equation  (1),  changed  to  zero,  indicating  that  the  rate 
of  reaction  is  not  solely  dependent  on  the  amount  of  unconsumed  propellant 
The  apparent  zero  order  kuiehcs  are  consistent  with  the  general  observabon  that 
the  decomposibon  of  some  explosives  and  energetic  materials  is  zero  order  (17). 

Changing  the  heating  rate  from  5°C  mm  '  to  20'’C  min  '  did  not  alter  the  reaction 
order  but  in  general  decreased  the  acbvaUon  energy,  i.e  the  reaction  mecharusm 
was  not  altered  but  the  decomposibon  rate  mcreased.  Our  results  suggest  that  in 
modelling  fast  and  slow  cookoff  reacbons,  it  is  important  to  determine  the  kmehc 
parameters  at  the  appropnate  heabng  rates  However,  m  the  pressure  range 
studied  here,  pressure  has  a  less  important  effect  on  the  kinenc  parameters  and 
reacbon  mechamsms  Further  work  on  the  effect  of  increasing  heating  rates 
(above  20°C  mm  ')  and  pressures  (above  5  2  MPa)  will  be  reported  in  a  later 
paper 


4.  Conclusions 

A  modihed  SSCB  test  methodology',  by  which  the  energy  (pressure)  output  can  be 
determined,  has  been  developed  at  EOD  to  assess  the  cookoff  response  of  rocket 
propellants  Modihcahon  ot  the  standard  bbLB  apparatus  did  not  alter  the  test 
response,  reaction  temperature,  and  reaction  bme.  The  modified  SSCB  lest  is 
usef'ul  m  discriminating  between  propellants  w  hich  responded  with  similar 
damage  to  the  test  assemblv  and  gives  a  more  quantitative  measure  of  the 
reacbon  violence. 

The  cookoff  response  of  a  scries  of  in-service  and  research  composition  rocket 
propellants  have  been  ranked  using  the  .standard  and  modified  SSCB  test. 

Hazard  criteria  for  cookoff  response  of  propellants  should  include  some 
mdication  of  when  to  expect  a  reaction,  i.e.  reaction  time  and  temperature,  in 
addition  to  the  severity  of  the  response  The  AN-based  and  CDB  propellants 
gave  less  violent  resportses  but  were  much  easier  to  initiate  The  AP-based 
propellants  were  generally  very  hard  to  initiate  (relabvely  long  reaction  times)  but 
gave  more  violent  responses  Increasmg  the  plasticizer  level  of  the  HTPB/  AP 
1 12:88)  propellant  moderated  the  test  response 

The  HTPB  -  RDX  (20.80)  propellant  showed  a  marked  difference  m  the  test 
response  when  the  heating  rate  was  changed  .\t  the  fast  healing  rate,  the 
temperature  difference  between  the  outer  surface  and  centre  oi  the  propellant  was 
almost  100‘C,  whereas  at  the  slow  heating  rate,  almost  uniform  temf>erature 
disbibubon  was  achieved  after  the  first  30  minutes.  The  heating  rate  and 
propellant  geometry  determine  the  temperature  distribution  across  the  sample 
and  therefore  govern  where  the  cookoff  begins  and  consequently,  the  reaction 
violence 

The  results  from  thus  study  indicate  that  the  reaction  violence  ol  propellants  is 
governed  to  a  large  extent  by  their  thennomechanical  properties  during  cookoft, 
and  Dynamic  Mechanical  Thermal  Analysis  Is  a  useful  and  a  quick  means  of 
determirang  the  thermoinecharucal  properties,  viscosities,  and  phase  changes  ot 
the  propellant  with  temperature 

On  the  other  hand,  the  ■  action  time  and  temperature  of  propellants  during 
cookoff  are  governed  by  tne  thcrmochemistrs ,  such  as  thermal  stability  and 


•  • 


decomposition  kinetics.  Propellants  with  low  thermal  stability  are  easiest  to 
inibate.  Heating  rate  has  an  important  effect  on  the  kinetic  parameters  and 
therefore  cookoff  response.  A  change  in  heating  rate  from  5°C  min  '  to  20°C 
min  '  increased  the  decomposition  rate  in  all  the  propellants.  However,  pressure 
(in  the  range  0.1  to  5  2  MPa)  has  a  less  important  effect  on  the  kinetic  parameters 
and  reaction  mechanisms. 


.At. 
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